Concentrations of cadmium and lead in blood (BCd and BPb, respectively) are traditionally used as biomarkers of environmental exposure. We estimated the influence of genetic factors on these markers in a cohort of 61 monozygotic and 103 dizygotic twin pairs (mean age = 68 years, range = 49-86). BCd and BPb were determined by graphite furnace atomic absorption spectrophotometry. Variations in both BCd and BPb were influenced by not only environmental but also genetic factors. Interestingly, the genetic influence was considerably greater for nonsmoking women (19 = 65% for BCd and 58% for BPb) than for nonsmoking men (13 and 0%, respectively). The shared familial environmental (c2) influence for BPb was 37% for men but only 3% for women. The association between BCd and BPb could be attributed entirely to environmental factors of mutual importance for levels of the two metals. Thus, blood metal concentrations in women reflect not only exposure, as previously believed, but to a considerable extent hereditary factors possibly related to uptake and storage. Further steps should focus on identification ofthese genetic factors and evaluation ofwhether women are more susceptible to exposure to toxic metals than men.
The amount of the toxic metals cadmium and lead in the human environment has increased considerably during the last century because of anthropogenic activities (1, 2) . Both metals interact with tissue constituents at low concentrations, and the safety margins to exposure levels at which signs of toxic effects are seen are small (1) (2) (3) (4) . In the general population, diet is the main source of exposure to both Cd and Pb (5) . Cigarette smoking is another source of Cd exposure (6) . In Sweden and other countries where leaded gasoline has been phased out, human Pb exposure has declined significantly (7) . However, leaded gasoline is still in use in many developing countries.
The assessment of human exposure to Cd and Pb has traditionally been based on biomarkers, in particular concentrations in blood and urine. For both metals, concentrations in blood (BCd and BPb, respectively) are believed to reflect mainly ongoing exposure (1, 3) . However, there is often considerable variation between individuals, indicating that factors other than exposure might be of importance. The twin study design is well suited to partitioning individual differences into genetic and environmental sources of variation (8) . Thus (16) . In our study, covariance matrices for the two zygosity groups were subjected to structural-equation modeling with the LISREL 7 program (17) to estimate the genetic and environmental components of variance. The application of these techniques in the SATSA project has been described previously (18, 19 gg/L). BPb was not influenced by smoking, and was slightly higher for men than for women (Table 1) . Mean levels of BPb decreased slightly with age until approximately 70 years of age, after which they increased again. More importantly, total variance increased with age for BPb but was stabile across age groups for BCd. There were no differences in means or variances for the two zygosity groups, thus fulfilling one of the assumptions of the twin method.
Twin analyses: BCd. Intraclass correlations of BCd by sex and by age for the entire study group as well as for nonsmoking twins are given in Table 2 . In general, MZ twins had higher correlations than DZ twins, indicating a genetic influence on BCd. Among nonsmokers, the pattern of correlations for women suggested a genetic effect whereas the considerably lower correlations for men suggested that environmental factors are of much greater importance than genetic effects.
Results from model-fitting analyses of BCd ( Figure 1 ) mostly confirm the findings based on the comparison of intraclass correlations. When the entire sample was evaluated (regardless of smoking status), approximately 60% of the variation in BCd was due to genetic effects. Among nonsmoking twins, genetic effects were considerably more important for women than for men (65 and 13%, respectively). Analyses of nonsmoking twin pairs younger and older than 65 years of age showed no major cohort differences.
Twin analyses: BPb. The correlation for MZ twins was greater than that for DZ twin pairs among the women, suggesting the importance of genetic effects ( Thus, the association between BCd and BPb could be attributed entirely to environmental factors of mutual importance for levels of the two metals.
Discussion
To our knowledge, this is the first empirical demonstration that individual differences in concentrations of BCd and BPb in part The pronounced genetic influence on BCd in nonsmoking women is particularly interesting because women in general have higher concentrations of Cd in blood and in the kidneys, the main target organ for Cd toxicity (6, 12, 20) . The elevated Cd levels in women are at least partly related to increased Cd absorption with depleted iron stores (2k-23), which frequently occur in women before menopause (22, 24, 25) . The likely underlying mechanism is that both Cd and iron bind to the intestinal divalent metal ion transporter, DMT1, which is up-regulated in iron deficiency (26, 27) . This makes women with low iron stores a risk group for Cd-induced health effects (2).
BCd levels increase across age in men but not in women (12) , which is consistent with improved iron stores and decreased Cd absorption after menopause. We were not able to evaluate the importance of genetic effects for iron status in these women. However, genetic influences are important for menstrual blood loss (28) and age at menopause (29) . Thus, some of the genetic variation for BCd in women may reflect genetic influences for postmenopausal iron status. Metallothionein is the main Cd-binding ligand in the body and may be another genetically influenced factor of importance for BCd. There are different isoforms of metallothionein, which may differ in affinity to Cd and result in varying levels of BCd (3, 30) . However, little is known about the interindividual variation in metallothionein. Genetic effects for BPb variation were also greater for women than for men. Pb is neurotoxic and very low concentrations may affect the central nervous system, especially during prenatal development (1, 31) . Pb passes the placenta and the fetus has approximately the same blood concentration as the mother. Thus it is important to identify factors influencing exposure and internal dose of Pb. Pb is accumulated in bone, which contains > 90% of the total body burden. Thus, candidate genes influencing BPb are, for example, those regulating bone formation and resorption. During situations of increased bone resorption relative to bone formation, in particular at menopause, stored Pb may be released to the bloodstream (32) . The highest BPb concentration was found in the twins of immediate postmenopausal age [50-55 years (12) ], which is similar to results reported for American women (33) . The disappearance of the genetic influence on BPb with increasing age in the present study may be related to the decreased bone turnover. Unfortunately, these data are not longitudinal; hence it is not possible to determine whether the cohort effects obtained reflect true aging changes. Environmental levels of Pb have decreased substantially during the last decades (7) . Nevertheless There was a moderate association between BCd and BPb levels among nonsmokers that was entirely attributable to environmental influences. The lack of a genetic mediator for this covariation is notable and is in striking contrast to findings for components of the metabolic syndrome (37) . The association is consistent with findings in children with environmental exposure to Cd and Pb (38, 39) . Some caution in interpretation of the cause of the association is warranted, particularly in light of the small sample sizes.
Although this is the first known report of genetic influences on blood metal concentrations in a large number of individuals, the number of pairs for the analyses was small by twin study standards. The classical twin study has much greater power to identify significant genetic rather than shared environmental effects (40) . Comparisons across age groups were limited by power considerations. Perhaps the greatest limitation is the absence of unlike-sexed pairs. Their inclusion is essential to draw conclusions concerning whether or not the differences in heritability estimates reflect different genes operating in men and women or other forms of sex limitation (16 
